We present the most precise estimate to date of the clustering of quasars on very small scales, based on a sample of 47 binary quasars with magnitudes of g < 20.85 and proper transverse separations of ∼ 25 h −1 kpc. Our sample of binary quasars, which is about 6 times larger than any previous spectroscopically confirmed sample on these scales, is targeted using a Kernel Density Estimation technique (KDE) applied to Sloan Digital Sky Survey (SDSS) imaging over most of the SDSS area. Our sample is "complete" in that all of the KDE target pairs with 17.0 R 36.2 h −1 kpc in our area of interest have been spectroscopically confirmed from a combination of previous surveys and our own long-slit observational campaign. We catalogue 230 candidate quasar pairs with angular separations of < 8 ′′ , from which our binary quasars were identified. We determine the projected correlation function of quasars (W p ) in four bins of proper transverse scale over the range 17.0 R 36.2 h −1 kpc. The implied small-scale quasar clustering amplitude from the projected correlation function, integrated across our entire redshift range, is A = 24.1±3.6 at ∼ 26.6 h −1 kpc. Our sample is the first spectroscopically confirmed sample of quasar pairs that is sufficiently large to study how quasar clustering evolves with redshift at ∼ 25 h −1 kpc. We find that empirical descriptions of how quasar clustering evolves with redshift at ∼ 25 h −1 Mpc also adequately describe the evolution of quasar clustering at ∼ 25 h −1 kpc.
INTRODUCTION
Quasars, like galaxies, are biased tracers of the underlying dark matter distribution (e.g., Cole & Kaiser 1989; Berlind & Weinberg 2002) . Many models invoke galaxy mergers as the mechanism for triggering quasar activity, although the necessity of such a mechanism is still debated (e.g., Coil et al. 2007; Padmanabhan et al. 2009; Green et al. 2011) . Certainly, though, structure formation models can reproduce quasar demographics under the assumption that quasar activity is triggered by mergers (e.g., Wyithe & Loeb 2005) . The peaks of the density field in which quasars reside might have been particularly strongly clustered, given that mergers are more frequent in denser environments (e.g., Kaiser 1984; Lacey & Cole 1993 ; Di Matteo, Springel & Hernquist 2005; Hopkins et al. 2008) and that density signals from mergers can persist on timescales similar to the lifetime of quasars (Wetzel, Cohn & White 2009 ). Quasar clustering measurements therefore offer a tool by which to understand the physical processes that trigger quasar activity. The ongoing attempts to conduct such investigations become more challenging at higher luminosities (e.g., Ellison et al. 2011 Ellison et al. , 2013 Jiang et al. 2016 ).
Surveys such as the Sloan Digital Sky Survey (SDSS), increased the sample size and number density of quasars in a large volume of space, substantially improving measurements of quasar clustering on large or "two-halo" scales (e.g., Porciani Eftekharzadeh et al. 2015) . Measuring quasar clustering on small scales, however, is more challenging for several reasons. First, quasars with small angular separations (< 60 ′′ ) are simply rare. Second, surveys that use fiber-fed multi-object spectrographs, such as the SDSS, prevent fibers from colliding by never placing two fibers closer than about 60
′′ on a single plate (Blanton et al. 2003; Dawson et al. 2013) . Third, finding rare quasar pairs without exploiting large surveys typically requires many individual long-slit observations of pairs of candidates, which is time-consuming.
The first small-scale quasar pairs were often discovered by chance in dedicated fields, or during long-slit surveys for gravitationally lensed quasars 1 (e.g., Sramek & Weedman 1978; Weedman et al. 1982; Crampton et al. 1988; Hewett et al. 1989; Meylan & Djorgovski 1989; Schneider, Schmidt & Gunn 1994; Hagen et al. 1996; Fan et al. 1999; Kochanek, Falco & Muñoz 1999; Mortlock, Webster & Francis 1999; Schneider et al. 2000; Gregg et al. 2002; Miller et al. 2004; Pindor et al. 2006; McGreer et al. 2016) . Although the search for high redshift quasar pairs dates back to individual discoveries of quasars at z ∼ 4 (e.g., Crampton et al. 1988; McCarthy et al. 1988; Meylan et al. 1990; Djorgovski 1991; Schneider, Schmidt & Gunn 1994; Hewett et al. 1998; Zhdanov & Surdej 2001) , with the development of photometric selection algorithms to build homogeneous sets of quasar candidates from large imaging surveys (e.g., Richards et al. 2004 Richards et al. , 2009 , it became possible to conduct more homogeneous searches by prioritizing highly-probable close quasar pairs and following them up with long-slit spectroscopic surveys (e.g., Hennawi et al. 2006b; Myers et al. 2007b Myers et al. , 2008 . These surveys focused on quasar pairs separated by less than 2000 km s −1 in redshift-space in order to measure small-scale clustering, denoting such pairs "binary quasars," a term that has appeared for decades in the literature (e.g. Muñoz et al. 1998) . Hennawi et al. (2006b) elucidate the specific use of a velocity range of |∆v| < 2000 km s −1 as being wide enough to cover the most prominent sources of redshift uncertainty for quasars. In particular, peculiar velocities of up to 500 km s −1 in dense environments and blueshifted broad lines of up to 1500 km s −1 Hennawi et al. 2006b ). In tandem with similar homogeneous searches for gravitational lenses (Oguri et al. 2006 Inada et al. 2008 Inada et al. , 2010 Inada et al. 2012 ) work on binary quasars has driven measurements of quasar clustering on very small scales down below even a few hundred kiloparsecs (∼ 10 ′′ or lower). For example, Kayo & Oguri (2012) took advantage of the Sloan Digital Sky Survey Quasar Lens Search (Inada et al. 2012) , to measure the quasar correlation function down to ∼ 10 h −1 kpc. In this paper, we continue in the vein of Hennawi et al. (2006b) , Myers et al. (2007b) and Myers et al. (2008) . We identify high-probability candidate close quasar pairs from a homogeneous catalogue of candidates and follow them up with confirming spectroscopy. Our target sample is drawn from quasar candidates selected using Kernel Density Estimation (KDE) by Richards et al. (2009) . This "KDE" sample is not only large, it is pure 2 , so presents an efficient parent sample to mine for binary quasars. The sample of 47 confirmed binary quasars that we will discuss in this paper is complete for angular separations of 2.9 ′′ < θ < 6.3 ′′ and redshifts 1 SDSS J1637+2636AB was the first binary QSO discovered, but originally misinterpreted as a lens (Djorgovski & Spinrad 1984) . Due to this misinterpretation, the quasar pair PKS 1145-071 was initially known as the first binary quasar (Djorgovski et al. 1987 ).
2 > 90% of KDE candidates at 0.4 z 2.3 are expected to be quasars of 0.43 < z < 2.26. Note that we will use the term "complete" here, to refer to 100% confirmation of whether or not all of our candidate target pairs are a binary quasar. We do not mean complete in the sense of also capturing quasars that are not in the KDE catalogue. Our sample improves on previous work in being over five times larger than previous samples of binaries on the range of scales that we cover (∼ 20 -40 h −1 kpc). The > 2× more precise correlation function that we calculate over proper separations at < 50 h −1 kpc is therefore the tightest constraint on quasar clustering to date on scales of a few tens of kiloparsecs.
This paper is structured as follows: The data are introduced in §2, and our methodology for measuring and modeling clustering is discussed in §3.1. §4 is dedicated to the interpretation of our clustering results, before we summarize our work in §5. We adopt a ΛCDM cosmological model with Ωm = 0.307, ΩΛ = 0.693, h = 0.677 consistent with Planck Collaboration et al. (2015) . All distances quoted throughout the paper are in proper coordinates unless mentioned otherwise. We convert measurements from the literature to proper coordinates prior to comparing such measurements to our results. We use "cMpc" and "ckpc" to denote comoving distance units when we compare our measurements in proper coordinates to correlation lengths in comoving coordinates that have been derived from Mpc-scale clustering measurements. In our chosen cosmology, an angular separation of 1 ′′ at z = 1.5 corresponds to a proper separation of 5.9 h −1 kpc.
DATA

Identification of new quasar pairs
Our starting sample consists of 1,172,157 high-probability candidate quasars identified by Richards et al. (2009) using Kernel Density Estimation (henceforth KDE; see also Richards et al. 2004) . Richards et al. (2009) applied the KDE technique to a test sample consisting of all point sources in SDSS Data Release 6 (DR6; Adelman-McCarthy et al. 2008 ) imaging down to a limiting magnitude of i = 21.3. These test data were labeled as a "star" or a "quasar" using a non-parametric Bayesian classifier, based on their position in ugriz colour space. The PSFmagnitudes of the sources were extinction-corrected based on the Schlegel, Finkbeiner & Davis (1998) dust maps. The density of the "quasar" and "star" colour space was established by applying the KDE technique to "training" samples of stars and quasars. The "stars" training set resembled a randomly drawn subset of the test set. The "quasars" training set consisted of spectroscopically confirmed SDSS quasars (Schneider et al. 2007 ) largely limited to i < 19.1 at z < 3 and i < 20.2 at z > 3. At higher redshift, the quasar training sample was supplemented by quasars from the AAOmega-UKIDSS-SDSS (AUS) QSO survey (Croom et al., in prep) and from Fan et al. (2006) . Given that the position of the quasar locus in colour space relative to that of the stellar locus changes significantly with redshift, Richards et al. (2009) conducted a redshiftand-colour-based sub-classification in four narrower ranges of; low redshift (z 2.2); intermediate redshift (2.2 z 3.5); high redshift (z 3.5); and also UV-excess (UVX), based on u − g colour. High-probability quasars classified in these ranges are denoted lowzts==1, midzts==1, hizts==1 or uvxts==1, respectively (see Table 2 of Richards et al. 2009 ).
From the initial KDE sample of 1,172,157 candidate quasars, we sub-selected candidates that are brighter than 20.85 in (Galactic-extinction-corrected) g-band and are categorized as hizts==1 OR uvxts==1. We further restricted this subsample to the 70
• < RA < 300
• region of the DR6 imaging footprint, resulting in a total of 369,559 quasar candidates. We will hereafter refer to these 369,559 candidates as our "parent sample". We crossmatched the candidates by angular separation and identified 230 candidate pairs with separations of 2.8 ′′ < θ < 8 ′′ . Here, the upper limit is chosen to correspond to a few hundred kpc for likely quasar redshifts. The lower limit is chosen to match roughly twice the seeing of the SDSS imaging data (e.g. see Figure 4 of Abazajian et al. 2003) in order to protect against sources that are merged in SDSS imaging.
To determine which of our candidate pairs had already been identified as quasars, we used a radius of 1 ′′ to cross-match our parent sample with previously known, spectroscopically confirmed, visually inspected, quasars. These "known" quasars were drawn from programs conducted to identify quasar pairs (Hennawi et al. 2006a,b; Myers et al. 2008; Hennawi et al. 2010; Hennawi & Prochaska 2013; Prochaska et al. 2013; ) and gravitational lenses Inada et al. 2008 Inada et al. , 2012 as well as SDSS Data Release 7 (DR7; Schneider et al. 2010) and Data Release 12 (DR12; Pâris et al. 2016, henceforth DR12Q) . In particular, DR12Q includes objects from an SDSS ancillary program designed specifically to target some of our candidate quasars 3 . We then identified candidate quasar pairs that did not have both members of the pair previously spectroscopically confirmed, and reserved such (2.8 ′′ < θ < 8 ′′ ) pairs for further spectroscopic confirmation. Long-slit spectroscopy of these selected candidate quasar pairs was conducted on a range of facilities outlined in Table 1 , with the slit oriented to observe both quasars simultaneously. The spectra were reduced and calibrated using the XIDL package 4 . Figures  1 and 2 show three examples of reduced spectra of our quasar pairs. Table 5 contains the full list of 230 candidate quasar pairs drawn from our parent sample, together with available spectroscopic confirmations and redshifts from our own and previous campaigns.
A KDE-complete sample of binary quasars
Our goal is to characterize quasar clustering on very small scales using a statistically uniform sample of quasars that are proximate to each other (so-called "binary" quasars). Following Hennawi et al. (2006b) . We designate pairs of quasars that do not meet this criterion to be "projected pairs." Over the course of our campaign to date, we have obtained definitive classifications for a close to complete sample of KDE-selected candidates on angular scales of 2.9 ′′ θ 7.7 ′′ , which correspond to proper scales 5 of roughly 15 R 40 h −1 kpc over the main redshift range of our sample. The resulting sample consists of 169 candidate quasar pairs, which we will refer to as our sample of "relevant pairs". Note that good spectroscopy of both candidates is not required to "definitively classify" a pair as not a binary quasar. For instance, if one of a pair of objects is categorically identified as a star or a galaxy, then that pair is a non-binary, and we classify it as a "projected pair." Further, if a known quasar at a redshift of z has a companion for which we have a spectrum that is of sufficiently high quality that we should certainly have identified broad emission lines corresponding to z, then we also classify that pair as a projected pair. Note that we do not consider confirmed quasar pairs to be "binary" even if their velocity separation is only slightly larger than 2000 km s −1 . In addition, we removed one pair 6 from our "relevant pair" sample that consisted of two high signal-to-noise but featureless ("continuum") sources. Even if this pair is a binary quasar, we would have no way to assign it a redshift. Table 2 records the nature of our total of 169 relevant pairs, including their ultimate classification as a binary quasar, a projected pair, a pair for which there is insufficient information to characterize it, or a gravitational lens 7 . The distribution on the sky of the binary quasars in our sample of relevant pairs is shown in Figure 3 , against a background of all of the KDE-selected candidates in our parent sample. Our follow-up spectroscopy of candidate pairs, provided 126 new sets of observations of candidate quasar pairs that have separations of less than 7.7
′′ . Of these 126 newly characterized pairs, we confirmed 53 to be binary quasars. Richards et al. (2009) used clustering analyses to estimate that the KDE selection algorithm is 92.7% efficient for sources with hizts==1 OR uvxts==1. If we designate as "stars" those objects in our sample that do not have a sufficiently good spectrum to classify the object 8 , then we find that out of the 338 sets of candidate quasars in our sample of 169 relevant pairs, we confirm 309 to be quasars. This is in excellent agreement with an efficiency of ∼92.5% for the KDE catalogue.
Typically, clustering studies construct a random catalogue, or otherwise analytically correct for sources of incompleteness that arise when targeting quasars (e.g. Eqn. 17 of Hennawi et al. 2006b ). To circumvent incompleteness corrections when conducting clustering analyses, we instead construct a sample of pairs that we have categorically identified as either a binary quasar or not. We will henceforth refer to this subset of pairs as our "KDE-complete" sample. Binary quasars in the KDE-complete redshift and proper scale ranges can be used for clustering analyses without correcting for incompleteness in our spectroscopic campaign (because, by definition, this range is 100% complete to possible binary quasars in our parent sample). The outer limits of our KDE-complete sample in redshift and proper transverse scale are defined by the ranges at which there exist quasar pairs that we cannot categorically classify as a binary or not. Typically, this is because the spectroscopic information for either one or both members of the pair does not exist. Note that there are cases where spectroscopic confirmation of only one member of a pair is sufficient to include that pair in the KDE-complete sample. Most obviously, as also noted above, pairs that include one non-quasar have sufficient information to be included in the KDE-complete sample. In addition, though, pairs that include one confirmed quasar with a (spectroscopic) redshift that would categorically place it outside of the proper-scale range of interest can also be use to define the KDE-complete ranges, regardless of whether such a quasar's companion has itself been spectroscopically confirmed. Figure 4 shows the redshift and proper transverse separation ranges for binary quasars in our KDE-complete sample. The dotted lines show the transverse separations corresponding to the 2.9 KDE-complete sample of binaries both in redshift and in transverse separation is depicted by a grey box. This box is limited by either the angular extent of our sample of relevant pairs, or by quasar pairs that we cannot currently confirm or reject as a binary based on the spectroscopic information to hand (depicted by open circles in Figure 4) . The ranges of redshift and proper separation that define the limits of the KDE-complete sample (i.e. the edges of the grey box in Figure 4 ) are 0.44 z 2.31 and 17.0 R 36.2 h −1 kpc. Table 6 lists the sample of 47 binary quasars that define our KDEcomplete sample. Figure 4 also illustrates that we only consider a small fraction of space with θ < 3 ′′ , in keeping with the arguments in Pindor et al. (2003) and Hennawi et al. (2006b) that sources with θ < 3 ′′ can appear blended in SDSS imaging.
METHODOLOGY
Estimating the small-scale clustering of quasars
We measure the correlation function in proper coordinates, projected across a redshift window of < 2000 km s −1 (our definition of a "binary quasar" from §2), using the estimator
(e.g., Peebles 1973; Shanks et al. 1987; Croom & Shanks 1996) .
Here, QQ represents a count of quasar-quasar data pairs and QR denotes the "expected" number of quasar-random pairs in a given bin of redshift, angle or proper separation. Note that
where NQ/NR is the size of the quasar catalogue compared to the size of a (larger) random catalogue. An appropriate random catalogue will mimic the angular and redshift distribution of the data, in the absence of any clustering. Since our KDE-complete sample of binary quasars is drawn from the KDE catalogue described in §2, the random catalogue needs to have the same overall angular and redshift coverage as the KDE catalogue (see, e.g., Myers et al. 2006 Myers et al. , 2007a . The entire volume of the KDE catalogue comprises ∼ 41.93 (h −1 Gpc ) 3 . Generating a sufficiently large random catalogue over such a volume purely for the purposes of making a kpc-scale clustering measurement is a computationally expensive task. Such an approach is also unnecessary, as we only seek QR pairs with small angular separations ( 7.7 ′′ ). We therefore construct a random catalogue for our analysis using three independent steps. As our sample of pairs is complete for proper scales of 17.0 R 36.2 h −1 kpc (see §2), these three steps are sufficient to model the expected, unclustered distribution of our sample of binary quasars:
(1) We randomly selected a subset of NQ = 342,581 KDE candidate quasars, corresponding to 92.7% of our parent sample of 369,559 KDE candidates (see §2). This down-sampling is necessary because the efficiency of the KDE algorithm for selecting our overall sample of candidate quasars (lowzts and uvxts; again see §2) is ∼ 92.7%.
We randomly generated positions around these 342,581 KDE candidate quasars on angular scales of 2.9 ′′ < θ < 7.7 ′′ , which is the range of angular separations of candidate quasar pairs on our "KDE-complete" scales of interest (see §2 and, specifically Figure 4) . We will refer to the resulting catalogue as our angular random catalogue.
(2) Only ∼ 36% (131,928) of the KDE candidates have a confirmed spectroscopic redshift. We used the full distribution of spectroscopic redshifts in the KDE sample, displayed in Figure 5 , and randomly drew redshifts from the resulting dN/dz for both those candidates with no spectroscopic redshift and for objects in our angular random catalogue. Then, working with quasars with redshifts within our range of interest (0.43 < z < 2.26), we down-sampled our angular random catalogue by retaining only random points in QR pairs separated by < 2000 km s −1 (our definition of a "binary quasar" from §2). We will refer to the resulting catalogue as our redshift random catalogue.
(3) Using the redshift and angular separation information that we generated in steps (1) and (2), we further limited our redshift random catalogue to only QR pairs that intersected with the limits in redshift and proper scale of our "KDE-complete" sample of binary quasars (see Figure 6 ). We will refer to the resulting catalogue as our final random catalogue. A total of 290,694 KDE candidate quasars have spectroscopic redshifts in the range of our complete sample of binary quasars (0.43 < z < 2.2). The final random catalogue ("R") can be used in conjunction with these 290,694 KDE candidate quasars ("Q") to calculate QR in Eqn. 2 as a function of scale or redshift.
The steps that produce the redshift and final random catalogues discard points that do not create eligible QR pairs. It is therefore necessary to generate a large enough initial angular random catalogue to retain a sufficiently large final random catalogue with which to infer QR . We found that assigning each of the Table 2 . Classification of all 169 "relevant pairs" in our sample (with g < 20.85 and 2.9 ′′ < ∆θ < 7.7 ′′ ). "Confirmed binaries" meet the classification of a binary quasar for the purposes of this paper (|∆v || | < 2000 km s −1 and not otherwise identified as a gravitational lens); "Confirmed quasar pairs" denotes pairs for which we have spectroscopic information for both members of the candidate pair and that have |∆v || | 2000 km s −1 . 290,694 KDE candidate quasars in our redshift range of interest N = 2000 random points on scales of 0 ′′ < θ < 7.7 ′′9 was sufficient in this regard, as such a schema ultimately provided more than 20 random points around each KDE candidate quasar. Essentially, this means that our final random catalogue is at least 20× larger than our data catalogue.
An important consideration is that the NR in Eqn. 2 does not denote the N = 2000 random points that we generated around each of the NQ = 290,694 KDE candidate quasars in our redshift range of interest. Rather, it corresponds to the number of random points that would have truly been generated, had we chosen to populate the entire survey volume. We calculate NR as the "populated areal number density of the random points" × "the full area of the survey footprint":
where N = 2000 is the number of random points we generated around each candidate quasar to θ < 7.7 ′′ , A(< 7.7 ′′ ) is the survey area within 7.7
′′ of a candidate quasar and A full is the full area of the survey footprint (the orange footprint in Figure 3) .
To calculate the survey area, we use the SDSS "survey coordinates", η and λ (e.g. Stoughton et al. 2002) , to construct stripeshaped polygons along great circles using the MANGLE software (Blanton et al. 2003; Tegmark et al. 2004; Swanson et al. 2008) . We also create "holes" in the footprint corresponding to SDSS imaging masks 10 . Note that when we created the angular random catalogue, we discarded any points that lay in holes or outside of the survey area, but this made very little difference on scales of θ < 7.7
′′ . Based on this process, the total area of the survey footprint that is used in this study is A full = 7600.4 deg 2 . Since we only consider angular scales up to 7.7
′′ the "effective" area around any individual candidate quasar is A(< 7.7 ′′ ) = 1.44×10 −5 deg 2 . So, NR = (2000 × 7600.4)/1.44 × 10 −5 ∼ 10 12 . In other words, the process that we have outlined would be equivalent to generating a very, very large random catalogue across the entire survey volume.
Theoretical Considerations
The volume averaged projected correlation function (Wp) is a useful estimator for our purposes given the large volume occupied by quasars over a wide redshift range, compared to the small scales on which we seek to measure clustering.Wp can be converted to the more common clustering estimators used on large scales via the formalism presented in, e.g., Hennawi et al. (2006b) .
The projected real-space correlation function of quasars with a maximum velocity difference of |∆v| < 2000km s −1 can be interpreted as :
where vmax = 2000 km s −1 , H(z) is the expansion rate at redshift z and ξs is the quasar correlation function in redshift-space.
As discussed in Hennawi et al. (2006b) , it is a good approximation to replace the redshift-space correlation function ξs with Figure 4 . Redshift and proper transverse separation range probed by the binary quasars in our "KDE-complete" sample. Filled circles represent spectroscopically confirmed binary quasars. Open circles represent binary quasars for which spectroscopic information exists for only one of the members of the pair. The dotted lines depict transverse separations corresponding to 2.9 ′′ θ 7.7 ′′ , the angular range of our 169 relevant candidate quasar pairs. The extent of our "KDE-complete" sample of 47 binaries is depicted by a grey box that is limited by either the angular extent of our sample of relevant pairs, or by quasar pairs that we cannot currently confirm or reject as a binary based on spectroscopy. Figure 5 . The normalized redshift distribution of spectroscopically confirmed quasars in our sample of relevant pairs (blue solid line), compared to the generated distribution for our redshift random catalogue (black dashed line). The vertical red dot-dashed lines delineate the redshift range of the KDE-complete sample.
its three-dimensional real-space counterpart ξ(r). We measure the volume-averaged correlation functionWp(Rmin, Rmax, z) (abbreviated toWp(z)), by integrating over the entire radial bin of proper distance [Rmin, Rmax]
where ξ(R, x, z) is the correlation function and V shell is the volume of the cylindrical shell in redshift space over which we integrate
and then averaging the redshift-dependentWp in Eqn. 5 over the redshift distribution of quasars in our sample. θ=2.9" θ=7.7" Figure 6 . The bins in proper scale that we use in our clustering measurement are shown in different colours. This figure illustrates the difference between how the random catalogue is populated in angle and the resulting random points that are counted in bins of proper scale. The black box represents the limits of our KDE-complete sample (see also Figure 4 ).
We need to average Wp(z) over the redshift distribution of our sample in a given redshift bin, in order to compare to our clustering measurement. To estimate the redshift distribution for our quasars of interest in any slice of redshift, we use the Pure Luminosity Evolution (PLE) model of Croom et al. (2009) with α = −3.33, β = −1.42, M ⋆ = −22.17 and log(φ ⋆ ) = −5.84 Mpc −3 mag −1 . We adopt this particular luminosity function as the sample of quasars studied in Croom et al. (2009) is a reasonable match (0.4 < z < 2.6) to the redshift range of our sample, and extends well beyond (g < 21.85) our magnitude limit.
Because we measureWp for quasars the ξ included in Eqn. 5 is typically the correlation function of quasars, which we will denote ξQ. We will adopt two typical theoretical forms for this function. First, a two-parameter power-law of the form
where r0 is the correlation length, defined as the most common (probable) separation between two quasars in the sample, and γ is the exponent that best recreates the shape of quasar clustering. Second,
where A is the ratio of the clustering amplitude of quasars to that of the underlying dark matter distribution and ξ(r) is the correlation function of underlying dark matter, for which we adopt the model of Smith et al. (2003) . In some places in §4, we use values of r0 and γ, or a form for ξ(r), that have been derived for the clustering of quasars or dark matter on Mpc-scales. We then use Eqn. 5 to project this Mpc-scale result down to our kpc-scales of interest. Phenomenologically, the formalism of Eqn. 8 resembles that for the bias of tracers of dark matter (e.g., Kaiser 1984) . We appreciate, though, that small-scale bias could change rapidly with scale, and that the amplitude of quasar clustering is likely to be a complex function of several factors on non-linear scales. Any association we make between the parameter A and the bias of dark matter (bQ) in this work, therefore, is only for to make comparisons between the amplitude of quasar clustering at kpc-and Mpc-scales. In essence, we adopt Eqn. 8 only as an empirical parameterization of the amplitude of quasar clustering on kpc-scales. We reserve models that have a more complex physical interpretation for a later paper.
RESULTS AND DISCUSSION
Our KDE-complete sample of confirmed binary quasars is ∼ 6 times larger than any individual previous sample, allowing us to measure the scale-dependence of quasar clustering at 40 h −1 kpc with unparalleled precision. In addition, our large sample extends across multiple bins in redshift that each contain about as many binary quasars as any previous sample. This allows us to study the evolution of quasar clustering on these very small scales for the first time.
The scale-dependence ofWp at 40 h −1 kpc
We measure the volume-averaged projected correlation function (Wp) of quasars in four bins of proper scale centered at 18.8, 22.8, 27.6 and 33.4 h −1 kpc which contain 7, 14, 11 and 15 binary quasars, respectively. The bins were chosen to have the same width in logarithmic scale. The measuredWp for each bin of proper separation together with the measuredWp for the full sample at z = 1.55 andR = 26.6 h −1 kpc are shown in Figure 7 . Multiple past works have argued that pair counts on small scales are independent, and that clustering on these scales can be adequately described by a Poisson distribution (e.g. Shanks & Boyle 1994; Croom & Shanks 1996; Myers et al. 2006; Chatterjee et al. 2012 Chatterjee et al. , 2013 . We therefore adopt Poisson errors from Gehrels (1986) for our measurements ofWp. Table 4 lists our measuredWp in each bin of proper separation and for our full, KDE-complete sample of 47 binary quasars.
Figure 7 also compares our measurement ofWp to previous estimates of quasar clustering on small scales at redshifts of 0.5 z 2.5. Table 4 . The volume-averaged correlation function for the four bins of proper separation displayed in Figure 7 (2008) . This is largely because the sample of Kayo & Oguri (2012) is more complete than the sample of Hennawi et al. (2006b) , covers a larger range of scales than the sample of Myers et al. (2008) , and covers a larger portion of the SDSS footprint as compared to both studies.
The sample of Kayo & Oguri (2012) contains only 4 binary quasars on scales of 17 R 36 h −1 kpc, and two of these are the pairs that Kayo & Oguri (2012) incorporated from Myers et al. (2008) . Further, the clustering sub-sample of Hennawi et al. (2006b) includes only 8 binary quasars on proper scales of 17 R 36 h −1 kpc. Our KDE-complete sample of binary quasars is thus ∼ 6× larger than any previous statistically homogeneous sample at R ∼ 25 h −1 kpc and so can substantially improve the accuracy of quasar clustering measurements on small scales. The blue open circle in Figure 7 shows the statistical significance of our measurement compared to recent such measurements on kpc-scales. Our KDE-complete sample is about 4× larger than all other combined samples at 17 R 36 h −1 kpc. This essentially means that our results can be used to improve constraints on kpc-scale quasar clustering by a factor of 2 compared to previous work.
The real-space correlation function of quasars can be modeled by a simple power-law (see Eqn. 7). Quasars in our redshift range of interest (0.4 < z < 2.3) have been argued to have a range of power-law indexes based on clustering measurements conducted on Mpc-scales. The sample that best matches our luminosity and redshift range (bJ < 20.85; 0.3 < z < 2.2) is that of the 2dF QSO Redshift Survey (2QZ; Croom et al. 2004) . Figure 7 compare the best-fit power laws from Porciani, Magliocchetti & Norberg (2004) to our results, and it is clear that our data necessitate a much steeper power-law. Fixing the correlation length to r0 = 5 h −1 cMpc, we use a maximum likelihood fitting procedure to determine that our data require a power-law index of γ = 1.97 ± 0.03, which is plotted as the purple dashed line in Figure 7 . This power-law index is far in excess of the results of Porciani, Magliocchetti & Norberg (2004) but is in reasonable agreement with the Mpc-scale clustering of substantially brighter SDSS quasars from Ross et al. (2009) . Our results also support the study of Kayo & Oguri (2012) , who found a powerlaw of γ = 1.92 ± 0.04 for r0 = 5.4 h −1 cMpc from a study of the clustering of bright (i < 19.1; 0.6 < z < 2.2) SDSS quasars on proper scales of 4 R 85 h −1 kpc.
At low redshift (z ∼ 0.5 and below), quasars appear to be roughly unbiased (e.g. Croom et al. 2005) , and cluster similarly to L * galaxies. Given that quasars are thought to be merger-driven (e.g. Hopkins et al. 2006 Hopkins et al. , 2007 , it is interesting to compare the overall shape of the correlation function of galaxies and of quasars at similar redshift. Any excess in quasar clustering compared to galaxies might indicate that quasars ignite in particularly grouped or "merger-prone" environments (again see Hopkins et al. 2007 ). For example, Watson et al. (2010) suggest that enhanced quasar activity by mergers might be responsible for the shape differences between the correlation function of Luminous Red Galaxies (LRGs) and quasars on very small scales. Large spectroscopic galaxy surveys are now approaching z ∼ 1, so it is becoming realistic to compare quasar and galaxy correlation functions in similar redshift ranges.
Recent galaxy clustering results on Mpc-scales, tend to find power-law slopes that are shallower than γ = 2. For example, Favole et al. (2016) find γ = 1.6 ± 0.1 in redshift-space for s0 = (5.3±0.2) h −1 cMpc for Emission Line Galaxies at z ∼ 0.8. Coil et al. (2016) find a range of power-law slopes for blue and red galaxies from the PRIMUS survey over the redshift range 0.4 z 0.9. For populations that have r0 consistent (within their 1-σ errors) with 5 h −1 cMpc Coil et al. (2016) find γ = 1.6 -1.7, with an error less than ±0.1. On smaller scales, galaxy clustering may steepen, however. Masjedi et al. (2006) tracked the clustering of z ∼ 0.25 SDSS LRGs down to scales of ∼ 10 h −1 kpc and estimated γ ∼ 2.0, although they also found a large correlation length of r0 ∼ 10 h −1 cMpc. Zehavi et al. (2011) found power-law slopes ranging from γ ∼ 1.8 -2.0 for r0 ∼ 4.5 -10.4 h −1 cMpc down to comoving distances of ∼ 100 h −1 ckpc for SDSS galaxies at z 0.25. For samples that have r0 in the range 4.5 -5.5 h −1 cMpc Zehavi et al. (2011) find γ ∼ 1.8 -1.9. More recently and at higher redshift, Zhai et al. (2016) find γ ∼ 1.95 down to scales of ∼ 300 h −1 ckpc for the clustering of z ∼ 0.7 LRGs drawn from the SDSS-IV/extended Baryon Oscillation Spectroscopic Survey (eBOSS). Our inferred power-law of γ = 1.97 ± 0.03 for r0 = 5 h −1 cMpc is therefore at the steeper end of what has been measured for galaxies, but is not inconsistent with measurements at higher redshift that sample smaller scales. A detailed theoretical analysis, such as the Halo Occupation Distribution (HOD; Berlind & Weinberg 2002) formalism, should be able to use our measurements to better quantify whether quasar clustering exceeds galaxy clustering on kpc-scales, or whether quasars occupy similar halos to certain types of galaxies. We defer such a detailed HOD analysis to a later paper.
Redshift dependence ofWp
Measurements of the evolution of quasar clustering on Mpc scales (e.g. Croom et al. 2005) , in combination with the quasar luminosity function, have helped to constrain fueling models for quasars and provided a framework to link quasar activity to galaxy formation (see, e.g., Hopkins et al. 2007 , and references therein). Broadly, the quasar correlation length on Mpc-scales does not appear to evolve by more than a factor of ∼ 2 over the range 0.5 z 2.5 (see, e.g., Eftekharzadeh et al. 2015, and references therein) . This, in turn, implies that quasar bias increases significantly between redshift 0.5 and 2.5, and that the characteristic mass of the dark matter haloes that host quasars is roughly constant across this redshift range. Myers et al. (2007b) estimated how quasar clustering on small scales changes with redshift using a sample of 91 photometrically classified candidate quasars and found that UV-excess quasars at 28 h −1 kpc cluster > 5 times (∼ 2σ) higher at z > 2 than at z < 2. However, the evolution of quasar clustering on proper scales of < 50 h −1 kpc has not yet been measured using a spectroscopically confirmed sample of quasar pairs, likely because sample sizes have never been sufficiently large to bin by redshift. With the unprecedentedly large number of binary quasars in, and wide redshift range of, our KDE-complete sample, we can make this measurement for the first time.
We divide our KDE-complete sample of quasar pairs into four bins of redshift of similar width (∆z ≃ 0.46) centered at z = 0.67, 1.12, 1.58 and 2.03. These bins contain 6, 7, 20 and 14 quasar pairs, respectively 11 . We then measure the correlation functionWp(Rmin, Rmax) in each bin of redshift over the full range of proper scales of our sample (17.0 < R < 36.2 h −1 kpc). We plot the results of this analysis in the right-hand panel of Figure  8 . Having measured the volume-averaged correlation function in four slices of redshift, we use the method described in §3.2 to derive the amplitude of quasar clustering (A from Eqn. 8) in each bin of redshift. The left-hand panel of Figure 8 shows the values of A that correspond to the measuredWp(z) values plotted in the right-hand panel. We measure the clustering amplitude of quasars at ∼ 25 h −1 kpc from our full KDE-complete sample of 47 confirmed binaries to be A = 24.1 ± 3.6 (the pink star in Figure 8) . Croom et al. (2005) measured a clustering amplitude equivalent to A ∼ 5 at z ∼ 1.5 on Mpc-scales. The fact that we find a factor of ∼ 4× stronger amplitude for quasar clustering on kpc scales than has been found on Mpc scales suggests that, on small scales, quasar clustering climbs rapidly above the dark matter model (Smith et al. 2003 ) that we use in Eqn. 5. This was interpreted as an "excess" by Hennawi et al. (2006b) and Myers et al. (2008) , perhaps driven by pairs of quasars being fed during galaxy mergers. Hopkins et al. (2007) argued instead that strong quasar clustering on small scales is simply indicative of quasars occupying group-scale or "merger-prone" environments. More recently, the small-scale clustering of quasars has been modeled using the "onehalo" term in the HOD (e.g., Kayo & Oguri 2012; Richardson et al. 2012 Richardson et al. , 2013 ). As we argue in §4.1, this "excess" is, in fact, probably close-to-consistent with the amplitude of clustering found for some types of galaxies on small scales.
Our unprecedentedly precise measurements ofWp on scales of ∼ 25 h −1 kpc allow us to make a first comparison of the evolution of quasar clustering over 3 orders of magnitude in scale. To 11 Choosing the redshift slices such that they contain the same number of pairs would cause some bins to be very narrow. do so, we compare our measurements to the empirical description of the evolution of quasar clustering derived by Croom et al. (2005) over scales of 1 < s < 25 h −1 cMpc. Using our empirical formalism from Eqn. 8, Croom et al. (2005) found the equivalent of A(z) = 0.53 + 0.289(1 + z) 2 2 . Our goal is to compare the evolution of the amplitude of quasar clustering on kpcand Mpc-scales. Because we measure a larger amplitude (A) on kpc-scales than is found on Mpc-scales, we allow the offset in the Croom et al. (2005) empirical description to float and fit a model of the form A = c + 0.289(1 + z) 2 2 . We find a best fit of c = 2.81 ± 0.31 to our measurements in four slices of redshift over the range 0.43 < z < 2.26, which we plot in (both panels of) Figure 8 . We find that the evolution of the amplitude of quasar clustering on kpc-scales across a wide range of redshift, is in reasonable agreement with the overall Mpc-scale empirical description of Croom et al. (2005) , once we account for the amplitude offset of a factor of ∼ 4×. The χ 2 value of our best fit is 4.2, which is only rejected at a confidence-level of 12%. Based on our, admittedly highly empirical model of Eqn. 8, this suggests that the evolution of the amplitude of quasar clustering on the smallest scales can be adequately modeled using descriptions of quasar evolution on Mpc-scales.
We present by far the largest sample of spectroscopically confirmed binary quasars with proper transverse separations of 17.0 R 36.2 h −1 kpc. Our sample, which is ∼ 6× larger than any previous homogeneously selected sample on these proper scales, is derived from SDSS imaging over an area corresponding to SDSS DR6. Our quasars are targeted using a Kernel Density Estimation technique (KDE), and confirmed using long-slit spectroscopy on a range of facilities. We derive a statistically complete sub-sample of 47 binary quasars with g < 20.85, which extends across angular scales of 2.9 ′′ < ∆θ < 6.3 ′′ and redshifts of 0.43 < z < 2.26. This sample is targeted from a parent catalogue that would be equivalent to a full spectroscopic survey of nearly 360,000 quasars.
We determine the projected correlation function (Wp) of 0.43 < z < 2.26 quasars over proper transverse scales of 17.0 R 36.2 h −1 kpc, in four bins of scale. We find that quasars cluster on kpc-scales far higher than implied by a γ = 1.8 power-law, as has been adopted by some authors on Mpc-scales (e.g Porciani, Magliocchetti & Norberg 2004) . For r0 = 5 h −1 cMpc, we find that a power-law slope of γ = 1.97 ± 0.03 is therefore required to fit quasar clustering on proper scales of R ∼ 25 h −1 kpc. This is steeper than what is typically measured for galaxies, but is consistent with some measurements of galaxy clustering, particularly on very small scales and at z > 0.5. We therefore confirm previous results that suggest that the steep shape of quasar clustering on small scales may be indicative of quasars "turning on" in galaxy mergers (e.g. Hennawi et al. 2006b; Myers et al. 2008) or of quasars inhabiting group-scale ("merger-prone") environments (e.g. Hopkins et al. 2007 ). The γ ∼ 2 power-law we find is also consistent with results that suggest that quasars require a steeper power-law index than is typical for popular theoretical dark matter density relations (e.g. Moore et al. 1996; Navarro, Frenk & White 1997) . A full modeling of this effect will require an in-depth study of the "one-halo" term of the HOD (e.g., Kayo & Oguri 2012; Richardson et al. 2012 Richardson et al. , 2013 , which we reserve for future work.
Our sample of binary quasars is the first that is sufficiently large to study quasar clustering as a function of redshift on proper scales of R ∼ 25 h −1 kpc. To investigate the evolution of quasar clustering on small scales, we measure the projected quasar correlation function in four bins of redshift over 0.4 z 2.3 and derive the amplitude of quasar clustering on small scales. We find that, at z ∼ 1.5, the clustering of quasars substantially exceeds our chosen dark matter model (Smith et al. 2003) , and does so by a factor of about 4 in amplitude as compared to the excess-over-dark-matter on Mpc-scales.
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